Abstract There is a group of compounds structurally similar to bisphenol-A (BPA), namely bisphenols (BPs), and some of them are considered to be able to partially replace BPA. In order to assess their biodegradability in the aquatic environment, a variety of BPs; BPA, bis(4-hydroxyphenyl)methane (BPF), bis(4-hydroxyphenyl)ethane (BPE), 2,2-bis(4-hydroxy-phenyl)butane (BPB), 2,2-bis(4-hydroxy-3-methylphenyl)propane (BPP), bis(4-hydroxyphenyl)sulfone (BPS), thiodiphenol (TDP) and 4,4 0 -dihydroxybenzophenone (HBP); were subjected to biodegradation tests under both aerobic and anaerobic conditions. For the aerobic degradation test, a kind of river-die-away method using several river water samples was used, while pond sediments were used for the anaerobic degradation tests in sealed anoxic bottles. As a whole, the examined BPs could be ranked by their biodegradability under aerobic conditions; BPF, HBP .. BPA . BPP . BPE . BPB . TDP .. BPS. On the other hand, the tendency for the anaerobic biodegradability was; BPF . HBP . BPS, BPA, TDP . BPE . BPB. From the viewpoint of biodegradability, BPF seems to be more environmentally-friendly than BPA and, therefore, may be a candidate to replace BPA for reducing the environmental risks.
Introduction
Bisphenol-A (BPA: 2,2-bis(4-hydroxyphenyl)propane) is an industrially important compound which is abundantly and widely used as a primary raw material for the production of polycarbonate plastics, epoxy resins and lacquer coatings. The widespread uses and relatively high water solubility of BPA have made this compound one of the most ubiquitous contaminants in the aquatic environment. Recently it has been clarified that BPA possesses a weakly estrogenic activity which modifies natural endocrine functions and, consequently, causes adverse effects on human health and wildlife, and it has attracted important social concern, leading to intensive studies on its fate or behavior in the aquatic environment. Up to date it has been clarified that BPA is relatively readily biodegradable in surface waters under aerobic conditions (Dorn et al., 1987; Ike et al., 2000; Klecka et al., 2001) , though the anaerobic degradation has not been reported.
A group of compounds structurally similar to BPA is also utilized in the manufacture of plastics and resins. These compounds, which consist of two phenolic rings joined together through a bridging carbon or other chemical structures, are called bisphenols (BPs) and some of them are considered to be able to partially replace BPA in the industrial applications. As a result the production of such BPs is increasing in recent years, and their discharge into the aquatic environment is estimated to increase. Actually BPF and BPS have been often detected from the aquatic environment (Slobodnik et al., 1997; Benfenati et al., 1999; Kienhuis and Geerdink, 2000) . Recent researches clarified that most BPs are also more or less estrogenic (Perez et al., 1998; Chen et al., 2002) ; therefore, it is necessary to fully understand the fate of such BPs in the aquatic environment as well as that of BPA in order to assess the environmental risks derived from these compounds.
Since the environmental fate of organic compounds highly depends on their biodegradability in general, this study aims at evaluating the biodegradability of a variety of BPs including BPA in the aquatic environment. The biodegradabilities of selected BPs were investigated under both aerobic and anaerobic conditions using native microbes obtained from river water and pond sediment samples, respectively.
Materials and methods

BPs
The eight BPs including BPA used in this study are shown in Figure 1 . All BPs are of the highest grade commercially available and were purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). Though all eight BPs were subjected to the aerobic degradation test, BPP was excluded in the anaerobic degradation test; i.e. the other seven BPs were used.
Biodegradation test of BPs under aerobic conditions (aerobic degradation test)
TOC-Handai method (Nasu et al., 1993) , a kind of river-die-away method, was used with minor modifications for evaluating biodegradability of BPs under aerobic conditions. River water samples were collected as the inocula for the degradation test from each of three sites (upstream, midstream and downstream) of four rivers running over Osaka; totally 12 locations (Figure 2 ). Sampling was done twice at each location, and we obtained 24 samples. Native microbes (microcosms) were collected from 500 ml of the samples by membrane filtration (pore size, 0.2 mm) and dispersed into 50 ml of artificial , resulting in 10-times concentrated river water microbes. Five ml of the concentrated microbes was inoculated into 45 ml of the artificial river water in a 100-ml test tube, and 1 ml of BPs solution was added to a final TOC concentration of 10 mg/l. The tube was aerobically incubated at 28 8C with rotary shaking (120 rpm). Aliquots were periodically sampled, centrifuged, and BPs and TOC concentrations of the supernatant were analyzed to monitor the primary degradation and mineralization. The control test was performed with autoclaved river water microbes, and the blank test was without addition of BPs solution but with microbes.
Biodegradation test of BPs under anaerobic conditions (anaerobic degradation test)
The anaerobic degradation tests of the BPs were performed mainly using a sediment sampled from the bottom of Inukai Pond lying in the Suita Campus of Osaka University (Osaka, Japan) by a method similar to that Kleerebezem et al. (1999) used for the anaerobic degradation of phthalates. Ten ml of the sediment (VS ¼ ca. 50 g/l) was centrifuged, washed three times with phosphate buffer (pH ¼ 7.0), and resuspended into 5 ml of the same buffer to obtain 2-times condensed inoculum. and 0.5 mg EDTA in 1 litre of deionized water) in a 25-ml bottle was added with 10 ml of the inoculum and BP solution to give a final concentration of 10 mg/l and a final working volume of 20 ml. The bottles were sealed with butyl rubber septa and aluminum crimp seals. The headspace was completely replaced with N 2 gas and the cultivation was done statically at 28 8C. The replicated cultures were periodically sacrificed, and the BPs extracted from the whole culture with acetone/acetonitrile and sonication were analyzed.
Analytical procedures
BPs were analyzed using a HPLC system consisting of a model CCPE pump with a model PX-8010 controller and a model UV-8000 detector (Tosoh, Tokyo, Japan). The analytical conditions were described previously (Ike et al., 2000) . TOC concentration was measured with a TOC-5000 analyzer (Shimadzu, Kyoto, Japan).
Results and discussion
Aerobic degradability of BPs
Typical courses of BP biodegradation measured as TOC decrease in the aerobic degradation test are shown in Figure 3 , and the summary of all the tests using 24 microcosms are summarized in Table 1 . When BPs were lowered below detection limits within the 2-week test period (HPLC analyses), this biodegradation pattern was categorized as A; complete primary degradation, while when BPs remained at certain levels as B; incomplete primary degradation can be seen in the table. On the other hand, the case where significant removal of BPs was not observed compared with the control test was categorized as C; no degradation. Further among A, the test where TOC decreased to the level of the corresponding blank test was referred to as the complete ultimate degradation (complete mineralization: M).
BPF and HBP were completely mineralized within 2 weeks by most of the tested microcosms; 21 and 23 among 24 microcosms, respectively, indicating that these two BPs are easily biodegradable under aerobic conditions and the degradation tends to lead to the complete mineralization (A, M).
Significant degradation of BPA was shown by 19 among 24 microcosms and was lowered below the detection limit (A); however, metabolites were accumulated in most cases and the complete mineralization was achieved only by two microcosms. Thus, it is apparent that the biodegradation potential of BPA is relatively ubiquitously distributed and the primary degradation proceeds rapidly in the aquatic environment; however, the biodegradation would lead to the formation of recalcitrant metabolites and they seem to remain undegraded for a long time. These trends observed on the BPA biodegradation accord well with our previous report (Ike et al., 2000) , though Klecka et al. (2001) reported that BPA could be completely mineralized by river water and sediment samples. Other diphenylalkanes, BPE, BPB and BPP, were found to be less biodegradable than BPA; microcosms which showed the biodegradation potential were less in number and the rate of degradation was slower. Among these three diphenylalkanes, BPP, which has the structure of BPA with the modification of methyl groups in the meta position of the phenolic rings, was considered to be the most biodegradable. These results on the degradation of Figure 3 Typical courses of bisphenols degradation by river water microcosms: river water microcosms were taken from the upstream of Yodo-river diphenylalkanes including BPA and BPF suggested that their biodegradability under aerobic conditions might highly depend on the alkylsubstituent at the bridging carbon rather than the modification of phenolic rings. The biodegradability of sulfur-containing BPs, TDP and BPS, was considered much lower than that of BPA also. TDP degradation was shown only by 9 of 24 microcosms, while the degradation rate was relatively high when degradation occurred. However, mineralization was rarely achieved, and TOC removal was less than 30% for any microcosms within the test period. On the other hand, BPS could not be degraded at all by any of the 24 tested microcosms, suggesting that BPS is non-biodegradable or highly tolerant against biodegradation under aerobic conditions.
As a whole, the tested BPs could be ranked by their aerobic degradability with river water microbes; BPF, HBP .. BPA . BPP . BPE . BPB . TDP .. BPS.
Anaerobic degradation of BPs
Figures 4 and 5 show the courses of anaerobic degradation of diphenylalkanes (BPF, BPE, BPA and BPB) and the other BPs (TDP, BPS and HBP), respectively, using the Inukai Pond sediment. Here, due to the experimental limitations, only primary degradation was investigated by HPLC analyses. Although the data are not shown, the results of anaerobic degradation tests using some other sediment samples in a series of preliminary investigations approximately agreed with the results listed in the figures.
Under anaerobic conditions all the tested BPs were biodegraded to a certain extent, although the degradation proceeded very slowly compared with the aerobic degradation. Among the tested diphenylalkanes, BPF was degraded most rapidly; it was degraded without an apparent lag period, and the removal reached more than 80% during the approximately 80-day experimental period. The other diphenylalkanes, BPE, BPA and BPB, showed a long lag period of 50 -60 days, before the anaerobic degradation started, and the degradation was about 40-60%. BPB was found to be the most recalcitrant. The anaerobic biodegradability of HBP seems to be comparable to that of BPF, though the degradation rate was a little lower especially at the beginning of this experiment. Although sulfur-containing BPs were tough against aerobic biodegradation in comparison with diphenylalkanes, they were relatively easily biodegraded under anaerobic conditions. TBP showed about a 60-day lag before efficient degradation occurred; however, it was almost completely removed within the test period with a very high degradation rate. Further, interestingly, BPS which could not be aerobically degraded was readily degraded under anaerobic conditions, and the removal reached about 60%.
As a whole, the tested BPs could be ranked by the anaerobic degradability with pond sediments; BPF . HBP . BPA, TDP, BPS . BPE . BPB.
Conclusions
The experimental results indicated that various BPs can be biodegraded in the aquatic environment under aerobic and/or anaerobic conditions. Native or non-acclimated microbes obtained from river waters and pond sediments showed biodegradation potentials against BPs, suggesting that BP-degrading microbes or potentials are relatively widespread in the aquatic environment. However, the biodegradation behavior of BPs in the presence and absence of oxygen was completely or considerably different; it is necessary to take the environmental conditions into consideration to assess the fate of BPs in the aquatic environment.
Among the tested BPs, BPF is considered to be the most biodegradable both under aerobic and anaerobic conditions. Considering together that the estrogenicity of BPF is a little lower than that of BPA, BPF may be the most promising candidate of the BPs replacing BPA with much less environmental impact. On the other hand, although BPS is much less estrogenic than BPA and BPF, it was suggested to be non-degradable under aerobic conditions; consequently, it may remain long in the aquatic environment. Therefore, it is not necessarily concluded that BPS is an environmentally-friendly BPA-alternative. 
